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The abomasal or intravenous infusion of sulphur-containing 
amino acids such as cysteine or methionine into sheep on 
low-quality diets increases the sulphur content of the wool by 
increasing the synthesis of proteins containing a cysteine 
content of - 30 mol %. To investigate the molecular and 
cellular basis of this nutritional effect, quantitative analyses of 
wool keratin mRNA and protein levels, and follicle cortical 
cell type, were undertaken in sheep intravenously infused 
with cysteine. Northern blot analyses revealed that the 
mRNA levels of one gene family encoding cysteine-rich ker-
atin-associated proteins (KAP4 family) expressed in the wool 
follicle cortex, increased - 5 - 6 times. Furthermore, the re-
sponse was rapid as the mRNA levels increased - 3.5 times 
after 1 d of the cysteine infusion and, by 1 d post-infusion, 
H airs have a regular structure in which a sheath of cuticle cells encase a multicellular cortex that often encloses a central tube of medullary cells in thick fibers (for reviews see [1,2]). The cuticle and me-dulla are single cell-type structures but the cortex is 
more com.plex, containing two to three cell types in varying pro-
portions and spatial distributions. Cortical cell variation is particu-
larly noticeable in wool fibers from breeds of sheep that produce 
wools of different diameters [3]. There are two major cortical cell 
types, the paracortical and the orthocortical cells, and their bilateral 
segmentation in fine wool fibers may be responsible for the crimp, 
or curliness, of the fiber [2]. A third type of cell, the mesocortical 
cell, appears to be intermediate in characteristics [2,3] . 
Hair is composed of about 50-100 different keratin proteins 
derived from several multigene families (for reviews see [4,5]). 
These proteins are broadly classified into two groups: the interme-
diate filament (IF) keratin proteins and the keratin IF-associated, or 
matrix, p:oteins. Th~ keratin IF-associated. prot~ins are character-
ized by high proportions of one or two ammo aCids and have been 
classified as ultra-high-sulphur, high-sulphur, or glycine/tyrosine-
rich proteins. A unified nomenclature for these proteins has recently 
been proposed [6,7] and is used in this report. Type I IFs are named 
KRT1.n and type II IFs are named KRT2.n, with K an abbreviation 
of KRT (keratin). The hair matrix proteins are referred to collec-
tively as keratin-associated proteins (subdivided into the cysteine-
rich and glycine/tyrosine-rich groups) and are denoted by the prefix 
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they had fallen, approaching their basal level. No changes in 
the mRNA levels encoding the intermediate filament or the 
other keratin-associated protein families of lower cysteine 
content were observed. Concomitantly, two-dimensional 
polyacrylamide gel electrophoresis analysis of wool proteins 
showed a striking increase in the abundance of a group of 
cysteine-rich keratin-associated proteins in the wool by the 
end of the infusion period, returning to basal levels by 3 
weeks later. At the cellular level, KAP4 expression was local-
ized to the follicle paracortical cells, and the proportion of 
paracortical cells and the extent of KAP4 expression paral-
leled the changes in the cysteine infusion status of the sheep. 
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KRTAP (abbreviation, KAP) with a number for each family 
(Table I). 
In the wool fiber, the cuticle is only one cell thick, and thus the 
bulk of the fiber and the protein composition of the wool is derived 
from the cortical cells. As terminal differentiation proceeds during 
hair fiber growth, the keratin IFs in the cortical cells are assembled 
into a filamentous scaffold that becomes embedded in a matrix of 
the KAPs [8]. The orthocortical and paracortical cells have a differ-
ent ultrastructural organization and appear to contain different pro-
portions of the keratin proteins, with the orthocortical cells having 
a higher IF: matrix ratio [1,2]. 
The protein composition of wool can be altered by genetic, phys-
iologic, and nutritional factors (for review see [4]). The abomasal Or 
intravenous infusion of cysteine or methionine into sheep on low-
quality roughage diets increases the growth rate and sulphur con-
tent of the wool as well as the fiber diameter (for review see [9]). The 
increase in sulphur content occurs as a result of the increased syn-
thesis of cysteine-rich proteins of the wool fiber, detected originally 
by moving boundary electrophoresis [10-12]. Specifically, those 
proteins with a cysteine content of - 30 mol % increase in abun-
dance but the level of the other wool keratin proteins apparently do 
not appear to vary significantly [13]. 
The identification of the changes in protein synthesis in response 
to cysteine levels in those pioneering studies was limited by the 
complexity of the wool keratin proteins and the inadequate resolu-
tion of the protein chemical methods available. Now that several 
keratin gene families have been cloned, gene family and gene-speci-
fic DNA probes have become available to investigate whether spe-
cific wool follicle mRNA levels ace altered in respolls. e. to the infu-
sion of cysteine. There are at least two gene families encoding 
proteins with a cysteine content of 25 - 30 mol % that are expressed 
separately in the cortex and cuticle [14,15] of the wool follicle. No 
changes in mRNA levels from the cysteine-rich gene family ex-
pressed in the cuticle were observed in sheep that responded to 
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Table I. Hair Keratin Nomenclature 
Group Current Nomenclature 
Proposed 
Nomenclature Abbreviation 
Keratin IF 
Keratin IF-
associated proteins 
IF type I (HKn. LS:" 8a, b, c1, c2) 
IF type II (HKn. LS: 5, 7a, b, c) 
High-sulphur B2 
KRTl.n 
KRT2.n 
KRTAP1.n 
KRTAP2.n 
KRTAP3.n 
KRTAP4.n 
KRTAP5.n 
KRTAP6.n 
KRTAP7 
KRTAP8 
K1.n 
K2.n 
KAP1.n 
KAP2.n 
KAP3.n 
KAP4.n 
KAP5.n 
KAP6.n 
KAP7 
KAP8 
High-sulphur BIlLA 
High-sulphur BIllB 
Ultra-high-sulphur cortex 
Ultra-high-sulphur cuticle 
High-glycine/tyrosine type II 
High-glycine/tyrosine type I C2 
High-glycine/tyrosine type I F 
• Low sulphur. 
cysteine infusion. t With the recent isolation of a partial cDNA 
clone that encodes a cysteine-rich protein expressed in the wool 
follicle cortex. we undertook a preliminary cysteine infusion study 
and detected a several fold increase in mRNA levels of the same or a 
highly related gene family [16]. 
Here we report the results of a comprehensive examination of the 
levels of wool follicle mRNAs for the major IF and KAP gene 
families following cysteine infusion. Further. the effect of the cys-
teine infusion on wool follicle differentiation has been examined by 
two-dimensional polyacrylamide gel electrophoresis (2D PAGE). 
in situ hybridization. and histochemical analyses. 
MATERIALS AND METHODS 
Sheep and Diet The experimental procedures used on the sheep were 
approved by the Animal Ethics Committee of the University of Adelaide. 
The two sheep used in this study were 18-month-old Corriedale castrate 
male sheep housed indoors in individual pens. Because the sulphur content 
of wool from an individual animal can vary from 3.06% to 3.74% through-
out a year due to variable nutrition available in the pasture [12]. the sheep 
were placed on a low-protein maintenance diet of 350 g sheep pellets 
(7.4 MJ metabolizable energy/kg dry matter; 7.8% crude protein) and 500 g 
oaten chaff (6.8 MJ metabolizable energy/kg dry matter; 4.0% crude pro-
tein) . The ration was provided once per day at 10 AM and water was given ad 
libitum. The sheep were maintained on this diet throughout the entire ex-
periment. 
Cysteine Infusion Procedure After a pre-infusion period of 35 d on the 
low-protein diet. the sheep were placed in individual metabolism cages and a 
polyvinyl catheter (0.75 mm internal diameter) was inserted into thejugular 
vein of each sheep. L-cysteine-HCI monohydrate (Sigma) was dissolved in 
sterile 0.9% saline to give a final cysteine concentration of 5.2 mg/ml and 
infused into the sheep using a peristaltic pump set at a flow rate of 0.54 
ml/min. The cysteine solution was changed every 24 h. The sheep received 
-4.0 g cysteine/d over the 21-d infusion period and were then returned to 
individual pens for 21 d (post-infusion period). 
Collection of Wool Samples and Sulphur Analysis Wool was clipped 
(Oster clippers. no. 40 blade) from a tattooed area of skin (-100 cm2) on the 
left midside of each sheep prior to the cysteine infusion. The regrown wool 
was obtained from the same area at the end of the 21-d cysteine infusion 
period. The tattooed area was reclipped 11 d after the cessation of the cys-
teine infusion and this sample was discarded as it would contain wool grown 
in the last days of the infusion. A post-infusion wool sample was obtained 
from the clipped area 21 d after the cessation of the cysteine infusion. The 
wool samples were washed successively in petroleum spirit (boiling point 
60-80°C). ethanol, distilled water, and ethanol, and were then left to dry at 
37" C. The washed wool (20 mg) was sent to the Canadian Microanalytical 
Laboratories (Delta, British Columbia) for elemental sulphur analysis using 
a modification of the method by Fritz and Yamamura [17]. 
2D PAGE of Labeled Wool Keratins The extraction, S-carboxymethy-
lation with iodo[2- 14c]acetic acid (56 mCi/mmole; Amersham) and 2D 
PAGE of the wool keratins were all conducted by a modification of Marshall 
[18] as detailed in [14]. 
Isolation and Sequencing of a KAP4 cDNA Clone An array of clones 
from a sheep wool follicle poly (At cDNA library [19] were screened by the 
tMacKinnon PJ: Molecular analysis of the ultra-high-sulphur keratin 
proteins. PhD thesis, University of Adelaide, South Australia, 1989. 
colony h~bridization method [20] with a 297-base pair (bp) coding region 
probe denved ~rom a gene (KAP2.12) encoding a cysteine-rich protein of 
the ~I~LA farruly (KAP2J.. The filters were washed under low-stringency 
condltlons (2 X salme sodIUm phosphate EDTA [ethylenediaminetetraace-
tic acid] «(SSPE)), 1.0% sodium dodecyl sulfate [SDS], 65 °C) and a weakly 
hybridizing cDNA clone was selected (pKAP4.1) and seguenced by the 
d~deoxy method [21]. using a Sequenase sequencing kit (U .S. Biochemicals). 
SlXty percent of the msert was sequenced m both orientations. 
Northern Blot Analysis Wool fo llicles were collected from the sheep as 
descnbed [22]. Northern blot analySIS and labelmg of probes was as described 
in [23]. 
Densitom~tric Analysis <;!uantitation of the specific mRNA transcripts 
was determmed by laser denSitometry (Molecular Dynamics) of the autora-
diographs using ImageQuant v2.0 software. All values were normalized for 
the same amount of RNA by determining the relative level of 18S rRNA in 
each sample by scanning a photograph of the ethidium bromide-stained gel. 
Hybridization Probes The sheep wool keratin gene family and gene-
speCific probes used for the Northern blot experiments were derived as 
follows . 
Cene Family: 
K1 A 435-bp Pst! fragment encoding part of the a-helical region of a 
wool folhc!e type I IF cDNA clone [24,25]. Two additional sheep type I IF 
wool keratm genes had a 92% nucleotide sequence identity over the probe 
region (data not shown). 
KAP1 A 140-bp HaeIll fragment from the coding region of the high-
sulphur B2A gene (KAP1.1) [22]. This probe shows 98% nucleotide se-
guence identity with two related genes [22]. 
KAP2 A 297-bp Pvull fragment from the coding region of the high-
sulphur BIllA gene (KAP2.12) , which shows a 94% nucleotide seguence 
identity with a related eDNA clone from the KAP2 family.:j: 
KAP3 A 187-bp PstI fragment from the coding region of the BnID3 
cDNA clone (KAP3.3) described by Frenkel et al [26]. 
KAP4 A ~50-bp Pst! fragment including 32 bp of 5' non-coding and 
106 bp of codmg sequence from pKAP4.1 (Fig 1). 
KAP5 A 1020-bp EcoRI-HindIll fragment including coding and non-
coding sequence from the cuticle gene (KAP5.1) described by MacKinnon e( 
al [14]. 
KAP6 A 246-bp EcoRI-HindIII fragment including coding and 18 bp of 
3' non-coding sequence from a partial eDNA clone encoding a glycine/tyr-
osine-rich type II protein [23]. 
KAP7 A 260-bp Pst! fragment including coding and 3' non-coding 
sequence from the glycine/tyrosine-rich type I component C2 cDNA clone 
[27]. 
KAP8 A 224-bp AluI fragment inlcuding coding and 3' non-coding 
sequence from the glycine/tyrosine-rich type I component F cDNA clone 
[27]. 
Gene-Specific: 
K2.1O A 220-bp Pst! fragment derived from a wool follicle type II IF 
cDNA clone that includes 18 bp encoding 6 amino acids from the carboxy-
terminal end of the protein and 202 bp from the 3' non-coding region [24]. 
KAP2.13 A 270-bp BamHI-EcoRI fragment from the 3' non-coding 
region of a eDNA clone of the KAP2 gene fami ly.:j: 
KAP6.1 A 260-bp EcoRI-HindIII fragment from the 3' non-coding re-
:j:Poweli Be (manuscript in preparation) 
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AAACTCACCCAGMCCTCCACCCTCTGACACC 32 
M V sse C G S v C S A Q S C G R S L C 
ATGGTCAGCTCCTGTTGTGGCTCCGTCTGTTCTGCCCAGAGCTGTGGTCGMGTCTCTGC 92 
Q ETC C R P sec Q T Tee R T T C Y 
CAGGAGACCTGCTGCCGCCCCAGCTGCTGCCAGACCACCTGCTGCAGGACCACCTGCT AC 152 
RPSCGVSSCCRPICCOPTCP 
CGCCCCAGCTGTGGTGTGTCCAGCTGCTGCCGCCCCATCTGCTGCCAGCCCACCTGecer 212 
RPTCCIS SCYRPSCCRSSCG 
CGCCCCACCTGCTGCATCrCTAGCTGCTACCGCCCCTCCTGCTGTCGGTCCAGCTGTGGG 272 
SSCY RPTSCISSCCRPQ CCQ 
TCCAGCTGCTACAGGCCGACCAGCTGCATCTCCAGCTGCTGCAGGCCCCl\GTGCTGCCAG J32 
P V CCQPSG A RTSSCCRPSCC 
CCTGTGTGCTGCCAGCCCAGCGGGGCCCGCATCTCCAGCTGCTGCCGCCcc'rc TTGCTGT 392 
GSSCYRPSCCLRPVCNRVSC 
GGCTCCAGCTGCTr"CCGCCCMGC1'GC1GCCTGCGCCCl\GTC'l'CCAACCGGGTCTCCTGC .,52 
H TTCYRP T CVI 
CACACCACTTGCTATCGCCCCACCTGTGTCATA .. , 
Figure 1. Nucleotide sequence of the sheep partial eDNA clone, pKAP4.1 . 
The derived amino acid sequence, commencing with the putative methio-
nine initiation codon, appears above the nucleotide sequence. The region of 
the sequence used for the Northern blot analyses and the in sitt! hybridiza-
tions is ullderlined. The cysteine residues (C) are uniformly distributed in the 
sequence. EMBL accession number for this sequence is X73462. 
gion of a partial eDNA clone encoding a glycine/tyrosine-rich type II pro-
tein [23]. 
Tissue In Situ Hybridizations III situ hybridizations on paraformalde-
hyde-fixed and sectioned sheep wool follicle biopsies were performed as 
described [28]. Final wash conditions were 0.1 X SSPE at 55-60· C for 30 
min. The cRNA and RNA probes were labeled with [a_35S]UTP (1402 
Ci/mmol; Bresatec, South Australia) using either T7 or SP6 RNA polymer-
ase [29]. For the ill situ hybridizations, a pGEM-5Zf(+) clone containing a 
150-bp fragment (106 bp of coding region, 32 bp of 5' non-coding region, 
and 12 bp of flanking polylinker sequence) from the partial eDNA clone 
pKAP4.1 (Fig 1) was linearized with SaIl and transcribed with T7 RNA 
polymerase to produce antisense RNA. To produce sense RNA, the clone 
was linearized with Sad! and transcribed 'with SP6 RNA polymerase. 
Identification of Ortbo-, Meso-, and Paracortical Cells Skin samples 
(1 cm diameter) were taken from the midside of the sheep at the end of the 
pre-infusion, cysteine infusion, and post-infusion periods. Samples were 
fixed in buffered formalin, paraffin embedded, and sectioned at 8 ilm at the 
level of the sebaceous glands. To distinguish ortho-, meso-, and paracortical 
areas, the method of Clarke and Maddocks [30] was used. In this procedure, 
the disulphide bonds in the section were oxidized with performic acid to 
produce cysteic acid residues that were detected by subsequent staining with 
Loeffler's methylene blue (BDH Chemicals, U.K.) . This procedure provides 
good correspondence with areas of ortho- and paracortex identified by elec-
tron microscopy [31]. The areas of each cell type were traced at 1430 X 
magnification using an image analysis system (Bioquant System IV, ~ & M 
Biometrics, USA). Areas of intensely stained paracortex and the more hghtly 
stained mesocortex from approximately 50 fibers were combined and ex-
pressed as a proportion of total fiber area. 
RESULTS 
Following a preliminary cysteine infusion experiment in Merino/ 
Border Leicester X Dorset Horn (Merino-cross) sheep, in which a 
severalfold increase in mRNA levels was demonstrated using a wool 
follicle KAP4 gene family probe [16], a comprehensive investiga-
tion of the time course of the cysteine infusion response was under-
taken with a bank of wool follicle gene probes. 
Wool Sulphur Analysis and 2D PAGE of Wool Keratins 
. The infusion of -4.0 g cysteine/d for 21 d into the sheep signifi-
cantly increased the sulphur content of the wool (Table II) and the 
changes were consistent with those obtained by others [10-13] . 
The wool from the Corriedale sheep had a lower initial sulphur 
content than the Merino-cross sheep (Table II) and this may be 
attributed to the Corriedale sheep being on the low-protein mainte-
nance diet during the pre-infusion period for longer (35 d versus 
21 d) or it may reflect natural breed differences. After 21 d post-in-
fusion, the sulphur content of the Corriedale wool had returned to 
pre-infusion levels (Table II) but, unfortunately, no comparable 
time-point had been taken from the Merino-cross sheep in the pre-
liminary study [16]. 
The extracted proteins from wool samples taken during the cys-
teine infusion experiment were examined by 2D PAGE (Fig 2) . The 
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infusion of cysteine dramatically increased the levels of the cys-
teine-rich KAPs migrating along the upper part of the diagonal in 
both breeds of sheep (Fig 2B,D). The level of these "induced" 
cysteine-rich KAPs had returned to pre-infusion levels in the 
Corrie dale sheep at 21 d post-infusion (Fig 2E) . Apart from the 
increase of the proteins on the diagonal during the cysteine infusion, 
the only salient difference was the change in intensity of the protein 
spot at the intersection of the cysteine-rich KAP diagonal and the 
horizontal spread of the glycine/tyrosine-rich KAPs (Fig 2A-E, 
arrowhead). 
Northern Blot Analysis To determine the timescale of the cys-
teine infusion response, a Northern blot containing wool follicle 
RNAs isolated from the Corriedale sheep before, during, and after 
the cysteine infusion was hybridized with the wool keratin gene 
probes. The hybridization results for sheep 131 are shown in Fig 3 
and, after normalization for variable RNA loadings, are graphed in 
Fig 4. The results for sheep 133 (data not shown) were essentially 
the same as those for sheep 131. The most striking response was 
observed with the KAP4 probe. This probe detected a 3.5 times 
increase in mRNA levels after 1 d of the cysteine infusion and 
revealed a maximum increase of - 5 - 6 times at 21 d in both sheep. 
At 1 d post-infusion, the KAP4 mRNA levels had decreased to 1- 2 
times above their pre-infusion level and by 21 d post-infusion, they 
had fallen to the pre-infusion levels. 
Of the other probes tested, only the KAP5 probe detected a 
change in mRNA levels, and that was a transient response. At day 2 
of the infusion, there was a twofold increase in KAP5 mRNA levels 
in sheep 131, but thereafter the levels returned to pre-infusion 
values (Fig 4). As there was no change in the KAP5 mRNA levels in 
sheep 133 (data not shown), the significance of these results is 
currently equivocal. 
Histologic and Expression Analyses of Sulphur-Enriched 
Wool Follicles The methylene blue staining method readily dis-
tinguishes between the two predominant types of cells in hair folli-
cles and shafts; paracortical cells stain strongly, whereas orthocorti_ 
<;al cells do not take up the stain [30,31]. A third type of cell, the 
meso cortical cell, is often present in minor proportion, usually only 
two to three cells per follicle cross-section, and is of an intermediate 
morphology that is not strongly sensitive to the staining procedure 
[3]. We have not distinguished between para cortical and meso corti-
cal staining cells in this report, but note that the meso cortical cells 
represented a small proportion in the follicles from uninfused and 
infused sheep. We examined the relative proportions of the ortho_ 
cortical and paracortical cells in follicle cross-sections during the 
cysteine infusion regime and found that the paracortical cell popu-
lation typically was clustered as one segment of the cortex, and in 
contact with the cuticle cells (Fig 5). Intense staining of the encir_ 
cling cuticle was also evident. In longitudinal follicle sections (Fig 
6), the methylene blue staining of the cortex and cuticle did not 
occur until well above the proliferative zone of the follicle bulb at a 
late stage in the differentiation of the hair follicle keratinocytes [5]. 
Although variation occurred between follicles (Fig 5), and the 
basal proportions of paracortex differed by twofold between the 
sheep, there were nevertheless significant increases in the intensity 
of staining (Fig 5) and the proportion of paracortex (Fig 7) in both 
sheep in response to the infusion. Despite the initial differences 
(13.5% in sheep 131 and 29% in sheep 133; see Table III), the 
responses measured at the end of the infusion regime and 3 weeks 
later were consistent. At the end of the infusion, the paracortex 
occupied from 37 -43% of the follicle cross-sectional area, an in-
crease of 1.25 - 3.2 times over the basal areas, depending on the 
animal. Thereafter, the proportion of paracortex returned to its 
pre-infusion value in one animal (133) within 3 weeks, but for the 
other (131), although the proportion had shrunk to a similar value, 
it was still 2 times higher than the basal value. The increase in 
paracortex appears to occur as an expansion of the existing paracof_ 
tical area. 
As the Northern analyses established that the KAP4 mRNA 
levels were dramatically induced in response to cysteine infusion 
(Fig 4), we next sought to determine whether there was any rela-
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Table II. Sulphur Content (0/0) of Woo 1° 
Sheep 
Corriedale 
Merino-crossd 
Number 
131 
133 
890 
893 
Pre-Infusion End of Cysteine 
Periodb Infusion' 
2.51 3.67 
2.50 3.33 
3.08 3.72 
3.20 3.68 
% Increase in 
Post-Infusion Sulphur Content 
Period (21 d) After Infusion 
2.73 46 
2.74 33 
NO' 21 
NO 15 
• The results (columns 3 - 5) are expressed as percent sulphur in clean wool dried over P,Os for 24 h. Sulphur values determined for multiple wool samples taken from sheep 131 and 
133 at three stages of the cysteine infusion experiment (pre-infusion, end of the cysteine infusion, and post-infusion) were withjn 10% of the tabulated values, i.e., ±0.3% of the 
sulphur content. The values for sheep 890 and 893 were derived from one wool sample. 
b Pre-infusion period for sheep 131 and 133 was for 35 d. Pre-infusion period for sheep 890 and 893 was for 21 d. 
'Sheep 131 and 133 were infused with -4.0 g cysteine/d for 21 d. Sheep 890 and 893 were infused with -4.0 g cysteine/d for 35 d. 
'Data from these sheep (Merino/Border Leicester X Dorset Hom) were presented in preliminary fonnat in [16]. 
, Not determined. 
tionship between KAP4 expression and the changes in paracortex 
content. In situ hybridization revealed a localized expression of the 
KAP4 gene family in the hair follicle cortex and subsequent meth-
ylene blue staining established a coincidence of KAP4 expression 
and the location of the paracortical cells (Fig 8). In some follicles the 
region of KAP4 expression extended beyond the paracortex but 
1 
sos 
____ ... pH 8'9 
) I F type II 
~ IF t ype I 
A 
Cysteine-rich 
~, 
Gly/Tyr-rich KAPs 
c 
y 
never occupied the whole cortex (Fig 8, small arrow), and in other 
follicles expressing KAP4 no staining was evident at all. Given the 
correspondence in the proportions of paracortex and of KAP4 ex-
pression (Table III) and the late onset of staining (Fig 6), these 
examples probably represent follicles that have not yet become 
competent to bind methylene blue. The percentage of each follicle 
B 
o E 
y y 
Figure 2. 20 PAGE patterns of wool keratin proteins from Merino-cross sheep 890 [16] (A,B) and Corriedale sheep 131 (C - E). Merino-cross sheep 893 [16] 
and Corrie dale sheep 133 had identical 2D PAGE protein patterns as sheep 890 and 131, respectively (data not shown). Equivalent amounts of wool were 
extracted and the proteins were S-carboxymethylated with iodo[2-14C]acetic acid and resolved by electrophoresis in the first dimension at pH 8.9 in the 
presence of 8 M urea followed by e1e~t.rophoresis in the. presence of SDS in the second dim~nsion, as outlined in M~terials a:,d Metl,~ds. T~e IF.proteins are 
resolved into the type I and type II famlhes, the cysteme-nch KAPs (16 - 24 mol % cysteme) migrate as a wedge of protems, the mduced cysteme-nch KAPs (> 
30mol % cysteine) migrate as a diagonal smear, and the glycine/tyrosine-rich KAPs migrate to the leading edge of the gel [4,5]. A and C, wool proteins from 
the sheep prior to the cysteine infusion: Band D, wool proteins from the sheep after the infusion of cysteine for 21 d; E, wool proteins from sheep 131 after a 
21-d post-infusion period. Arrowhead (A - E), a protein spot that runs in the same size range as the glycine/tyrosine-rich KAPs (M, = 6,000 - 9,000) and whose 
intensity varies inversely in the two breeds of sheep examined. Note: the autoradiographs were exposed for time periods such that the protein spots of the IF 
type I and II regions of the gels were approximately equivalent in intensity, as analysis has shown that these keratins are unaffected by the infusion of cysteine 
[13]. 
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Hair keratin IF 
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Days 
21 
.. I 
21 
Post·infusion 
Figure 3. Northern blot analysis of keratin gene expression in wool follicle 
RNA. Total wool follicle RNA (10 jJ.g) isolated from Corriedale sheep 131 
before, during, and after the cysteine infusion, was electrophoresed and 
transferred to Zeta-Probe GT. The filter was hybridized with the various 
32P-labeled wool keratin gene probes (see Materials and Methods). After each 
hybridization round, the filter was stripped by two washes in boiling 
0.1 X SSC, 0.1 % SDS for 15 min, followed by a brief rinse in 2 X SSC at 
25°C. With the exception of the KAP2 and KAP5 probes, the filter was 
given a final wash in 2 X SSC, 0.1 % SDS at 65 ° C. The filter hybridized 
with theKAP2 andKAP5 probes was given a final wash in 0.1 X SSC, 0.1% 
SDS at 65°C. The washed filters were exposed to Fuji RX-film with a 
DuPont Cronex Hi-Plus intensifying screen at -80°C. The film was either 
pre-flashed or exposed for periods in which the band intensities were linear 
with respect to time. A reverse photographic image of the 18S rRNA band of 
each RNA sample following staining with ethidium bromide is shown in the 
bottom patJe!. 
expressing KAP4 was determined during the pre-infusion period 
and at the end of the infusion (Table III). In both sheep, the average 
follicle area exhibiting KAP4 gene expression was similar in the 
pre-infusion period, and increases of 1.5 - 2 times, occupying 35-
45% of the follicle, occurred after infusion. When compared to the 
size of the paracortical population of other follicles stained by meth-
ylene blue, the areas of the follicles showing KAP4 expression were 
similar, with the exception of the lower basal estimate of paracortex 
for sheep 131 (Table III). 
DISCUSSION 
Cysteine is an essential amino acid that is abundant in hair keratin, 
many proteins containing up to 50 cysteine residues that in some 
cases account for one-third of their composition. The abomasal or 
intravenous infusion of either cysteine or methionine into sheep 
consuming roughage-based diets stimulates wool growth and in-
creases the sulphur content of the "new" wool [32]. To investigate 
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Figure 4. Densitometric analysis of the Northern blots from Corriedale 
sheep 131. The Northern blots (see Fig 3 for details) were scanned by laser 
densitometer and the resultant values were normalized for equivalent 
amounts of RNA (see Materials alld Methods). The fold induction over the 
control mRNA levels (RNA sample prior to the commencement of the 
cysteine infusion) were calculated for each timepoint and then graphed. 
Only the normalized values derived for the KAP4 and KAP5 probes are 
shown as the mRNA levels detected by the other wool keratin probes were 
unchanged during the cysteine infusion in both sheep. 
the molecular responses of each wool keratin gene family to cys-
teine infusion, we have used gene family and gene-specific probes 
covering seven families in a time-course mRNA analysis. We have 
shown that a consequence of the presumptive elevation of circulat-
ing cysteine is an increase in KAP4 mRNA levels and an increase in 
the hair paracortical keratinocytes expressing the cysteine-rich 
KAP4 protein. The Northern blot data demonstrate the rapid re-
sponse in the KAP4 mRNA levels to the availability of cysteine 
(Figs 3,4) and the lack of response of wool keratin gene families 
Figure 5. The methylene blue-stained transverse skin sections (8 jJ.m) from 
Corriedale sheep 131 (A-C) and 133 (D-F) in the 35-d pre-infusion 
(A,D), 21-d cysteine infusion (B,E), and 21-d post-infusion (C,F) periods. 
Note staining of the cuticle (arrowhead) and intense staining of the paracor-
tex (opetJ arrowhead). Also note that there is an increase in the intensity of the 
staining in the fibers of the infused sheep (compare Band E with the other 
panels). Bar, A-F, 25 jJ.m. 
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Figure 6. The methylene blue-stained longitudinal skin sections (8 Jim) 
from Corriedale sheep 131 in the 35-d pre-infusion (AJ and 21 -d cysteine 
infusion (B) periods. Note the increase in the intensity of the staining in (8). 
Bar, A and B, 100 Jim; b, follicle bulb. 
encoding other cysteine-rich proteins (KAP1, KAP2, and KAP3). 
The levels of cysteine-rich KAPs are also increased by the adminis-
tration of epidermal growth factor [33] and chemical defleecing 
agents [34], it would be interesting to determine whether these 
treatments result in the same changes in mRNA levels as detected 
with the infusion of cysteine. 
A not uncommon feature encountered in sheep metabolic experi-
ments is a variation in response between sheep breeds and even 
within a breed [35] and often this might be a reflection of the 
genetic complexity of the phenotypic parameter under investiga-
tion. In our infusion experiments, consistent induction of KAP4 
mRNAs was recorded but variable changes occurred in the KAP5 
and KAP6 mRNA levels. A probe specific for the cysteine-rich KAP 
proteins of the hair cuticle [14] detected a repeatable twofold in-
crease in mRN A levels in one sheep (131) 2 d after commencement 
of the infusion; thereafter, the levels returned to basal values (Fig 4). 
However, the significance of this result is equivocal because no 
response was observed in sheep 133, and in an earlier experiment 
MacKinnont found that KAP5 mRNA levels were unaltered in 
sheep infused via the abomasum with - 3.0 g cysteine/d over a 
lO-week period. Even more perplexing results have been obtained 
for the K,AP6. glycine/tyrosine-r~ch prot~in family. In a rrevious 
cysteine mfuSlOn expenment with Menno-cross sheep 16] the 
KAP6 mRNA levels were induced -2.5 times, whereas in the 
current experiment they remained relatively static (Fig 3, and data 
not shown). With the exception of an enigmatic protein spot 10-
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Figure 7. Changes in paracortical cell proportions in Corriedale sheep 131 
and 133. The areas of intensely stained paracortex from approximately 50 
fibers from sheep 131 ar.d 133 obtained from the 35-d pre-infusion (.), 21-d 
cysteine infusion (0), and 21-d post-infusion (0) periods were combined 
and expressed as a proportion of total fiber area. The mean ± SEM were 
plotted. The differences were statistically significant (p < .001). 
cated at the intersection of the diagonal and the horizontal spread of 
the glycine/tyrosine-rich proteins (Fig 2A-E, arrowhead), and 
which varies inversely in the two experiments, no obvious changes 
occurred in the glycine/tyrosine-rich proteins. These findings con-
trast with other protein data that indicate that the levels of the 
glycine/tyrosine-rich KAPs usually decrease when sheep are sub-
jected to conditions that promote cysteine-rich KAP synthesis 
[34,36,37]. Given the variation noted in the content of the glycine/ 
tyrosine-rich proteins in wools from different sheep breeds [36], the 
significance of these data awaits a more exhaustive investigation. 
Peak induction of KAP4 mRNA levels were - 5-6 times over 
the basal level in the Corriedale sheep (Fig 4, and data not shown). 
whereas in another experiment with Merino-cross sheep, maximal 
induction was - 2-fold [16]. The magnitude of the cysteine re-
sponse could reflect different pre-infusion KAP4 mRNA levels or 
genotypic variation in the response pathway. The higher sulphur 
content of the Merino-cross wool during the pre-infusion period 
(Table II) suggests a higher basal level of KAP4 mRNA. which 
would minimize the level of induction in response to cysteine infu-
sion. However. the 2D PAGE analyses of both pre-infusion wool 
samples showed very little protein in the diagonal region (Fig 
2A,C), so the difference may be largely a genotypic consequence. 
Hynd [35] has reported highly variable responses to a cysteine-rich 
diet, in terms of changes in the proportion of paracortex. Although 
several animals showed a 1.2-3.6 times increase. in line with the 
responses we observed in the current experiment, one animal 
showed no change and in one exceptional animal, there was a 28 
times increase. 
Two similar partial KAP4 cDNA clones have been obtained. one 
estimated to be lacking several amino acids at the 5' end of the 
Table m. Effect of Cysteine Infusion on the Proportion of Paracortex and the Area of KAP4 Gene Expression in the Follicle 
Pre-Infusion 
Sheep 
Cell Type Period (35 d) 
Number Gene Expression Mean SEM' nb 
131 Paracortex' 13.5 1.0 58 
KAP4J 22 1.3 16 
133 Paracortex 28.9 1.3 50 
KAP4 23 1.5 20 
• Standard error of mean. 
• Number of follicles measured. 
, As percentage of follicle cross-sectional area determined by methylene blue staining. 
J As percentage of follicle cross-sectional area determined by in situ hybridization. 
' Not determined. 
End of Cysteine Post-Infusion 
Infusion (21 d) Period (21 d) 
Mean SEM n Mean SEM n 
43 1.0 53 29.1 1.2 53 
45 2.2 31 ND' 
36.8 1.2 52 25.7 1.4 52 
34 3.0 15 ND 
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coding region (KAP4 .2)§ and the other about 14 a~no.ac~ds ~t t~e 
3' end (pKAP4.1, Fig 1). Both clones show extensive slrrulanty m 
their overlapping co~ing. regions and an ~stima~e of t~le size of ~he 
complete coding regIOn IS about 160 ammo aCids, with a cysteme 
content of 28 mol %. A cysteine content of this value would place 
the KAP4 family in the range (- 30 mol %) assigned to the proteins 
that respond to cysteine infusion, originally referred to as ultra-
high - sulphur keratins [38]. A 3' non-coding probe derived from 
the KAP4.2 cDNA clone detected a threefold increase in mRNA 
levels at 21 d of the cysteine infusion in Corriedale sheep 131, 
thereby directly implicating this gene member as being responsive 
to cysteine.§ 
The identity of the induced proteins on the 2D PAGE diagonal 
(Fig 2) remains obscure. Undoubtedly, KAP4 mRNA levels and the 
proteins migrating on the diagonal are greatly elevated during the 
cysteine infusion but a direct link between them is lacking. A com-
prehensive molecular analysis of the KAP4 family is essential, and in 
vitro translation of full-length cDNAs and 2D PAGE of the protein 
products should resolve the current uncertainty over the contribu-
tion of the KAP4 proteins to the cysteine response. 
The itt situ hybridization results and the histochemical staining 
demonstrate that it is the paracortical cells that express the cysteine-
rich KAP4 protein family (Fig 8), consistent with recent studies on 
isolated wool cortical cells that indicate that the para cortical cells 
have a higher cysteine content and contain more of the diagnonal 
smear of proteins on 2D PAGE [39], which are induced in response 
to cysteine infusion (Fig 2). These data confirm the original suppo-
sition of Gillespie et al [10], based upon electron micrographs, that 
the increase in ultra-high-sulphur (cysteine-rich) proteins in the 
wool of cysteine-infused sheep occurs in the paracortex. 
During the cysteine infusion, the proportions of paracortex and 
the region of the follicle that expresses KAP4 both increase (Table 
Ill). For one animal, there is a 1.25 -1.5 times increase (133) and for 
the other a 2-3 times increase (131), yet, in both cases, Northern 
analysis indicates that there is a 5-6 times increase in KAP4 mRNA 
levels (Figs 3 and 4) . Cysteine infusion usually leads to an increase in 
wool growth rate and an increase in fiber diameter of 5-10%, 
typically 1-3 f1.m [32] and in the current experiment, fiber diameter 
increases of 1.3 - 2.9 J1m were noted (data not shown). This equates 
to increases in fiber cross-sectional area of 11-27%. On this basis, 
the change in paracortical KAP4 expression as a direct result of an 
increase in the paracortical cell population would be about 1.6- 2.6 
times for both sheep. Hence the 5-6 times rise in KAP4 mRNA 
levels could result from an expansion of the paracortical cell popula-
tion and an elevation of KAP4 mRNA levels within those cells, 
consistent with increases in both the area and intensity of methylene 
blue staining (Fig 5). 
The expansion in the paracortical cell population could be indica-
tive of an increase in the proliferation rate of paracortical cell pro-
genitors in the follicle bulb or a change in the differentiation fate of 
the proliferating follicle bulb cells, such that more are committed to 
a paracortical phenotype. A similar expansion in the paracortical cell 
population occurred when sheep were changed from a low-protein 
diet to a high-protein diet; Hynd [35] also recorded increases in 
follicle bulb volume and mitotic activity. If the increase in bulb 
volume was occupied by more paracortical cell progenitors, that 
could account for the increase in the paracortex in the fibers of sheep 
on high-protein diets or under cysteine supplementation regimes. 
Alternatively, a change in their proliferation rate could have the 
same effect. There is evidence that the separate orthocortical and 
paracortical cell fates are established in the follicle bulb [2,40,41] 
and that in follicles that show this bilateral asymmetry, mitotic 
activity appears to be higher in the side of the follicle bulb that gives 
rise to the paracortex [42]. Using the orthocortical cell-specific 
lectin recently described by Campbell et al [41], it could be possible 
to distinguish between the two possibilities outlined above for the 
expansion of the paracortical cell population during cysteine 
§Jenkins B, Voyle R, Powell Be (manuscript in preparation) 
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Figure 8. Itt situ localization of KAP4 gene expression and orthocortex/ 
paracortex differentiation. Follicle sections from the cysteine infusion 21-d 
timepoint were hybridized with antisense or sense 35S-labeled RNA probes 
to the KAP4 coding region (A,B), developed, photographed, then processed 
for orthocortex/paracortex differentiation by methylene blue staining and 
rephotographed (C) . Sense control probes produced random signals; data 
not shown. A,B; brightfield and darkfield views, respectively, of transverse 
follicle sections showing KAP4 expression. C) phase contrast view of same 
follicles after methylene blue staining. Note the coincidence of KAP4 ex-
pression with the stained paracortex region of the fo ll icle (arrowheads). In 
one follicle (large arrowhead), the region of KAP4 expression closely approx-
imates the bounda.ries of the paracortex but in another follicle (small arrow-
head), KAP4 expression extends beyond the paracortex. Two other follicles 
expressing KAP4 are not stained and probably represent an earlier stage in 
follicle differentiation before they become competent to react to the staining 
procedure, rather than to an absence of paracortex. The apparent cuticular 
expression of KAP4 in one of the follicles (lower right) is an artefact. Bar, 62 
jJ.m. 
infusion. If the population of fo ll icle bulb cells binding the lectm 
remained unchanged during the infusion, that would support an 
increase in the proliferation rate of the paracortical cell progenitors 
in response to cysteine. This is in contrast to the notion of an in-
crease in the abundance of paracortical progenitor cells in the folli-
cle bulb. 
Why is there an increase in the KAP4 mRNA levels but not those 
encoding other KAPs of slightly lower cysteine content? From an 
examination of the codon usage for cysteine (TGC or TGT) in the 
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KAP4 partial cD N A clones and the non - cysteine-inducible KAP1, 
2, 3, and 5 gene sequences (see Materials and Methods for references), 
all contain a bias for the TGC codon. Therefore, differential codon 
usage does not account for the KAP4 gene family in particular being 
responsive to elevated levels of dietary cysteine. A comparable phe-
nomenon occurs in peas grown under conditions of limited inor-
ganic sulphur supply [43] , in which there is a selective decrease in 
the synthesis of sulphur-rich seed storage proteins in favor of sul-
phur-deficient proteins. The lower synthesis of the sulphur-rich 
proteins in the sulphur-stressed peas was directly related to reduced 
stability of the mRNA transcripts [44]. The infusion of cysteine or 
methionine into sheep on low-quality diets might have an analo-
gous but opposite effect, promoting stability of the KAP4 mRNAs. 
Notwithstanding this, the two to threefold increase in the propor-
tion of cortical cells expression KAP4 mRNA must account for 
some of the mRNA induction, and thus the overall cysteine effect 
could be a combined transcriptional and translational response. 
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